Abstract The Yucatan Channel connects the Caribbean Sea with the Gulf of Mexico and is the main outflow region of the Caribbean Sea. Moorings in the Yucatan Channel show high-frequent variability in kinetic energy (50-100 days) and transport (20-40 days), but the physical mechanisms controlling this variability are poorly understood. In this study, we show that the short-term variability in the Yucatan Channel transport has an upstream origin and arises from processes in the North Brazil Current. To establish this connection, we use data from altimetry and model output from several high resolution global models. A significant 40-70 day variability is found in the sea surface height in the North Brazil Current retroflection region with a propagation toward the Lesser Antilles. The frequency of variability is generated by intrinsic processes associated with the shedding of eddies, rather than by atmospheric forcing. This sea surface height variability is able to pass the Lesser Antilles, it propagates westward with the background ocean flow in the Caribbean Sea and finally affects the variability in the Yucatan Channel volume transport.
Introduction
From observations and model studies, the mean volume transport of the Yucatan Channel (YC), connecting the Caribbean Sea with the Gulf of Mexico, is about 16-34 sverdrup (1 Sv 10 6 m 3 s 21 ; Alvera-Azcarate et al., 2009; Candela et al., 2003; Ezer et al., 2003; Johns et al., 2002; Ochoa et al., 2001; Schmitz & Richardson, 1991; Sheinbaum et al., 2002) . Upstream eddies can be advected through the YC and affect the variability in the YC (Abascal et al., 2003) . This variability can be carried downstream along the characteristic background current and may influence downstream regions, such as the Loop Current in the Gulf of Mexico. For example, it has been suggested that variability in the deep return YC transport flow is related to the shedding of rings by the Loop Current (Ezer et al., 2003; Oey, 2004) . Moorings of the YC transport show a variability of about 40 days (Abascal et al., 2003; Bunge et al., 2002) , but observational records are short and sparse (Abascal et al., 2003; Bunge et al., 2002; Candela et al., 2003; Sheinbaum et al., 2002) .
From model studies, the variability of the velocity fields in the YC was studied through empirical orthogonal function (EOF) analysis in Ezer et al. (2003) . It was shown that the power spectra of the first four principle components (PCs) have peaks at low frequencies (>170 days), but also a 40-60 day variability was found. Abascal et al. (2003) suggest that the variability in the YC is regulated by (upstream) eddies, generated by intrinsic variability or atmospheric forcing in the Caribbean Sea. Modeling studies (Jouanno et al., 2009) indeed show that baroclinic instability can occur almost everywhere in the Caribbean basin. Topographic ridges can also interact with Caribbean eddies and affect the monthly-to-seasonal circulation variability of the Caribbean Sea (Lin et al., 2012; Molinari et al., 1981) . A more recent study by Jouanno and Sheinbaum (2013) demonstrates the substantial influence of intense wind stress anomalies on the formation of eddies.
On the other hand, there is evidence that anticyclonic rings from the North Brazil Current (NBC) retroflection influence the variability in the Caribbean Sea. These so-called NBC rings, having diameters up to 400 km, are shed near 88N (Condie, 1991; Csanady, 1985; Fratantoni & Glickson, 2002) in the tropical Atlantic Ocean and are advected northwestward along with the background ocean flow toward the Lesser Antilles. Earlier studies, based on in situ data (Johns et al., 1990) and Fratantoni et al. (1995) , estimated a ring-shedding
In this study, we aim to answer the question whether there is an upstream influence on the YC volume transport variability originating from the NBC retroflection. In section 2, the data sets which are analyzed are presented and in section 3, we provide an overview of the methods used. In section 4, the position of the NBC retroflection and the frequency of the ring-shedding events are studied. In addition, it is investigated if (filaments of the) NBC rings are able to pass the Lesser Antilles. In section 5, the influence of NBC rings on the sea surface height variability in the Caribbean Sea is analyzed and in particular whether this variability reaches the YC and affects the YC transport. The results are summarized and discussed in section 6.
Observations and Model Output
An overview of the data sets used in this study is shown in Table 1 .
We use 22 years of altimetry data (DUACS DT2014) from the Archiving, Validation and Interpretation of Satellite Oceanographic data base (AVISO, http://www.aviso.altimetry.fr/en/data.html). The observational data set is composed of daily averaged gridded horizontal geostrophic velocities, sea surface height (SSH) relative to the geoid, and sea level anomalies (SLA). The provided horizontal grid resolution is 0.258 3 0.258. However, the actual temporal and spatial resolution are coarser (10 days and 18) due to differences in revisit time and crossover trajectories of the satellites (Le Bars et al., 2014) . Although the gridded AVISO data set is convenient to work with, it has some drawbacks in the interpretation of the results, as the fields are strongly interpolated and filtered (Castelão & Johns, 2011) .
In Figure 1a , the time mean geostrophic velocity, as deduced from the AVISO data, is shown over the region of interest. Strong surface velocities appear near the NBC and north of the YC. Also the mean westward current (i.e., the Caribbean Current) from the Lesser Antilles through the Caribbean Sea to the YC is clearly Note. The analyzed (model) years, the total length (days and weeks) of the data set, horizontal resolution, the depth range of the horizontal velocity fields, and the total number of depth levels. The raw data/model output is provided as daily averaged fields. We also use 10 years (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) of model output from the Operational Mercator global ocean analysis at 1/128 data assimilation set (http://marine.copernicus.eu/services-portfolio/access-to-products/). Mercator uses the NEMO ocean model (Madec, 2008) version 3. Through data assimilation (for further details we refer to the detailed description of Mercator provided by Copernicus-Marine environment monitoring service), Mercator is ''steered'' toward (a limited set of) observations. Note that Mercator also assimilates altimetry from AVISO, but Mercator provides a higher spatial resolution of SSH fields and additional quantities, such as horizontal velocities, temperature, and salinity fields. Moreover, the model output comprises daily averaged fields and is available at 50 nonequidistant depth layers between 0.5 and 5,500 m, where the vertical resolution decreases with increasing depth. The YC transport time series from these output (Figure 2a ) displays a strong annual cycle that dominates the power spectrum. When the time series is filtered by a bandpass filter of 30-120 days before making the Fourier spectrum, several peaks arise ( Figure 2b ); we will show in section 5 below that the variability in the range of 40-70 days is significant.
In addition to the AVISO altimetry data set and the Mercator output, we use 4 years of model output from the Parallel Ocean Program (POP; Smith et al., 2010) , a state-of-the-art ocean-only model which captures the development and interaction of mesoscale eddies (Hallberg, 2013) . The model has a high resolution of 0.18 on a curvilinear grid which is transformed back onto a rectangular grid with grid sizes of about 0.48 3 0.48. The model is forced by a yearly repeated seasonal mean and we use the output from equilibrated flows of the 300 year global simulation as described in Weijer et al. (2012) and Le Bars et al. (2016) . Using the POP model results and those of the Community Earth System Model (CESM, discussed below) gives the advantage that the role of intrinsic variability can be studied. For example, the variability generated by intense wind stress anomalies (Jouanno & Sheinbaum, 2013) is not represented in POP but it is in CESM. The data set contains daily averaged temperatures, salinities, SSHs and horizontal velocity fields. The model output for daily averaged fields is only available at two depth layers, 5 and 15 m. The model output is analyzed over model years 266-269, over which the upper ocean is in equilibrium.
Finally, we use 4 years of model output from a 210 year simulation of an eddying version of the CESM (Smith et al., 2010; Hurrell et al., 2013) . In this simulation, the horizontal resolution of the ocean component (the POP) and sea-ice component are resolved at 0.18, and atmosphere and land surface at 0.58. The forcing conditions, such as CO 2 and aerosols, are the observed ones over the year 2000. The atmosphere and upper Table 8 ).
Journal of Geophysical Research: Oceans 10.1002/2017JC013580 ocean (700 m) are in near equilibrium over the last 50 years of the simulation (see van Westen & Dijkstra, 2017, supporting information) . The model output compromises daily averaged temperatures, salinities, SSHs, and horizontal velocity fields (similar to the POP data set). The daily averaged horizontal velocities are available at 42 nonequidistant depth layers between 5 and 5,875 m. The model output is analyzed over model years 201-204, over which the daily averaged velocity fields are available and the upper ocean is in equilibrium during these model years.
Methods

Multichannel Singular Spectrum Analysis
The multichannel singular spectrum analysis (M-SSA; Ghil et al., 2002) tool is used to study spatial-temporal variations in SSH and velocity fields and is able to detect (significant) oscillations with red noise as a nullhypothesis (Allen & Smith, 1996) . Suppose a time series of the analyzed field (SSH or velocity) has a total length of N units of time. Each individual time series is decomposed and shifted up to M time steps, creating M lagged time series, each with a total length of N 0 5N2M11. M-SSA analyses the interrelationship of all these lagged time series (Plaut & Vautard, 1994) . To assess the significance of the detected oscillations in M-SSA, a Monte Carlo test is implemented (Allen & Robertson, 1996; Allen & Smith, 1996) . All the confidence intervals are derived from 2,500 realizations in the Monte Carlo test. After performing the M-SSA, it is possible to find pairs of space-time principal components (ST-PCs) which are associated with a certain (significant) oscillation. These ST-PCs pairs are used to determine the reconstructed components (RCs). The RCs display the spatial-temporal variability for a certain oscillation instead of the full spectrum (e.g., Schmeits & Dijkstra, 2000) .
Before applying M-SSA, the time series needs to be prefiltered to detect relevant oscillations. During the prefiltering process, first a linear trend is removed over the analyzed period. Next, seasonality is removed by subtracting the seasonal mean and, optionally, any low-pass or high-pass filter is applied to remove dominant oscillations. If stated, we applied a Butterworth filter. Finally, each time series is normalized (by the standard deviation) afterward. After the prefiltering of the time series, a principal component analysis (PCA) is applied to reduce dimensions. We use the principal components (PCs) which together contain at least 90% of the total variance of all the time series (Schmeits & Dijkstra, 2000) . For more (technical) details on M-SSA and its applications, we refer to Vautard and Ghil (1989) and Ghil et al. (2002) . A special case of M-SSA is singular spectrum analysis (SSA), where only a single time series is analyzed.
NBC Retroflection and Ring-Shedding Events
The NBC closely follows the continental shelf and is moving northwestward. For convenience, the coordinate system is rotated clockwise by 318 (affine transformation), so the new zonal axis represents the continental shelf and is inclined clockwise by 1218 from the geographical north ( Figure 3a ). In this new reference frame, the NBC is more zonal and easier to distinguish in the highly variable ocean flow. The horizontal velocity field (closest to the surface) is projected onto this tilted coordinate system, resulting in a new zonal velocity (u Ã ) and meridional velocity (v Ã ).
In AVISO, the outflow region of the Amazon is omitted due to the high variability of all relevant quantities in time (cf., Figure 1 ). The magnitude of the derived geostrophic velocities by AVISO is unrealistic large in this region which complicates the detection of the NBC. The horizontal velocity fields which are resolved by the three models do not show unrealistic large values in the Amazon outflow region. Therefore, the Amazon outflow region is not omitted for the models.
To detect the NBC retroflection, we follow the method described by Cetina-Heredia et al. (2014) , with some adjustments. First, the position of the NBC is determined along a random placed meridional cross-section southeastward of the retroflection. The NBC is defined where the zonal velocity (u Ã ) has the largest magnitude in westward movement along the meridional cross section (see Figure 3b , point A). The flow structure of the NBC can be followed by the SSH isoline that passes through point A. (Sometimes, this SSH isoline fails to capture the NBC retroflection phenomenon, for example due to distortions before/after a ring-shedding event. In this case, multiple SSH isolines are analyzed to track the retroflection.) The NBC retroflection is anticyclonic and the SSH increases in the positive direction of the rotated meridional coordinate. Therefore, the deduced SSH level in point A is set as lower boundary while plotting multiple SSH isolines (each spaced by 0.5 cm). Only the isolines that intersect the meridional cross section at least twice are taken into account.
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Each SSH isoline is followed clockwise and an eastward turning of an isoline could be a signature of the NBC retroflection (Cetina-Heredia et al., 2014) . We defined the retroflection point when an isoline turns 318 clockwise from the geographical north (parallel to the meridional cross section). The results were not significantly influenced by the threshold of 318 which has been investigated by slightly changing this value by 6158. During boreal spring, the NBC retroflection region is highly variable, which results in a false detection of the retroflection. Therefore, an additional threshold (v Ã > v crit ) is applied to the meridional velocity of the retroflection point, which was set to v crit 5 0:2 m s 21 .
The NBC retroflection has a seasonal signature, resulting in varying position in time. In addition, ringshedding events lead to a temporal northwestward excursion of the retroflection. It is possible that the retroflection is not found while using the meridional cross section as in Figure 3a , while in fact the NBC retroflection is present. Therefore, we placed two other meridional cross sections and conducted the same procedure. If all three cross sections fail to capture the retroflection, it is assumed that no (or weak) retroflection is present and that the region is highly variable.
Ring-shedding events are characterized by a (sudden) southeastward retraction of the NBC retroflection (Fratantoni & Glickson, 2002) . It is possible to study the retraction of the NBC retroflection in both the longitude and latitude time series of the retroflection position (Dencausse et al., 2010) . However, it is more convenient to convert the retroflection position to a scalar by determining the distance between a specified point B (see Figure 3b ) and the point P. In the retroflection distance time series, ring-shedding events can be detected by a decrease in distance in the order of a few hundred kilometers over a short period (1-2 weeks).
Results: North Brazil Current Analysis
In this section, the NBC retroflection (position and seasonality) is analyzed and how SSH variability propagates from the NBC retroflection toward the Caribbean Sea.
Position of Retroflection
The retroflection position is first determined over all the available weeks for each data sets (cf., Table 1 ). The retroflection is least abundant during boreal spring (see Table 2 ) in all data sets. The average retroflection position over all the available weekly averaged fields is 51.18W; 7.98N (AVISO), 51.08W; 8.38N (Mercator), 50.38W; 7.38N (POP), and 50.58W; 7.88N (CESM). The average retroflection position shows Note. The retroflection position is determined from all available weekly averaged SSH and horizontal velocity fields for AVISO, Mercator, POP, and CESM. The meridional velocity (v Ã ) is also determined near the point of retroflection to investigate the seasonal cycle in the NBC retroflection strength (Figure 4b ). Although the position of this retroflection point varies, its velocity shows a clear seasonal pattern in accordance with Table 2 and Johns et al. (1990) . The retroflection velocity is stronger in autumn (SON) compared to spring (MAM). Note that the error bars are smaller during spring due to the relative small abundance of the retroflection (Table 2) in spring compared to the other seasons.
Among the different data sets, the annual average retroflection velocity for Mercator and CESM is stronger compared to AVISO and POP. All data sets show similar velocities during December-July, while the results differ for the remaining months. During December-July, the NBC retroflection region is (highly) variable and the retroflection is relatively weak or absent, which contributes to the consistency among the data sets. For the other months, the difference between AVISO and Mercator could be due to an underestimation of the derived (geostrophic) velocities from SSH fields in AVISO, since SSH is only observed by AVISO. The difference between POP and CESM is related to the different (annual) average wind stress field near the NBC retroflection, which is 19% stronger (spatial mean 408W-608W; 78S-208N) in CESM compared to POP.
The probability density function of the retroflection position is shown in Figure 5 . Qualitatively, the probability density functions of the four data sets overlap each other and are aligned along the continental shelf. The profiles are inclined by 1238 (AVISO), 1218 (Mercator), 1238 (POP), and 1208 (CESM) clockwise from the geographical north. The probability density function of POP and CESM display a double-peaked pattern, while AVISO and Mercator tend to a single-peaked pattern. The double-peaked pattern might be a model artifact or a seasonal effect (Figure 4a ) in POP and CESM. Note that the available time series of POP and CESM are relatively short compared to AVISO and Mercator.
Ring-Shedding Events
The retroflection distance time series of AVISO shows a significant 44 and 56 day variability which is robust to the lag-window length (Table 3 ). The length of the retroflection distance time series is restrained to N5 208 weeks, the minimum continuous series available in all data sets (Table 1) . Missing weeks (no retroflection) were linearly interpolated to obtain a continuous time series. The significance of this variability is shown in Figure 6 , using the Allen and Robertson (1996) test. Figure 6 ) of the retroflection distance time series. For example there is a period of about 10 years (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2007) (2008) (2009) (2010) during which there are no significant frequencies in the retroflection distance time series. The reason for this is the missing weeks due to the absence of the retroflection (note that in total 139 weeks are missing over the full time series of 1,147 weeks, Table 2 ). The influence of missing weeks has been confirmed using surrogate time series in the form of a red noise process forced by a 49 day period. In this idealized case, significance (according to the (Allen & Robertson, 1996) test) is lost when several ''gaps'' are implemented. However, the variability is still significant in the noise basis.
For the SSH data, we find that the PCs related to the 40 day period are significant in the noise basis during the 10 years of no significant frequencies. This indicates that the variability of ring shedding is not bound to certain periods, although the variability cannot always be distinguished in the data basis.
In Mercator similar significant frequencies are found, a 39 and 58 day variability. Again, the significance of this result is sensitive to the selected range (14 October 2010 to 9 October 2014) and there are years (2007) (2008) (2014) (2015) (2016) with no significant frequencies. For 
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POP and CESM, there are no significant results in the retroflection distance time series. For these data sets, is not possible to select a different time range, since both time series only have a length of 208 weeks. Similar to AVISO, POP displays a significant 44 day period only in the noise basis. In summary, the retroflection distance time series analysis shows that there are only indications in AVISO and Mercator of a 40-60 day variability in the retraction of the NBC retroflection.
Variability in Sea Surface Height
This NBC variability as detected in the previous subsection will affect the SSH variability in the downstream regions of the NBC retroflection. Therefore, we define the NBC outflow region (458W-708W and 38N-198N, black outlined region, Figure 7 ) to analyze the SSH variability in this region. The length of the time series is restricted to N 5 208 weeks, the minimum continuous series available in all data sets (Table 1) . Two regions over which the SSH time series are analyzed. The black outlined region is the NBC outflow region and is used in Figure 8 , over which M-SSA on SSH data is analyzed. The red outlined region is used in Figure 9 to study the propagation of sea level anomalies through the Lesser Antilles and in Figure 10 , over which M-SSA on SSH data is analyzed. The blue section indicates the Yucatan Channel over which the (normal) velocity fields are analyzed and volume transport is determined.
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for AVISO, Mercator, POP, and CESM, respectively. We find a significant 40-70 day variability for each data set (see Table 4 ) which is robust to the lag-window length. Note the resemblances of the results of the SSA (Table 3) and M-SSA (Table 4) analyses for AVISO. The 70 day variability is also found in a modeling study (Jouanno et al., 2009) , where it is shown that this variability is related to NBC rings.
Using the appropriate ST-PC pairs (Plaut & Vautard, 1994) , one can reconstruct the RCs (Ghil et al., 2002) to study the propagation of the SSH anomalies. If the variability (40-70 days) is associated with NBC rings, (north)westward propagating SSH anomalies are expected west of the NBC retroflection in the corresponding RCs. The propagation velocity of the anomalies is determined along the axis of maximum amplitude of the anomalies. We have selected the first ST-PC pairs associated with the 43 day period for a lag-window of 50 weeks (see Table 4 Note. The total length is N 5 208 weeks. It is plausible that the variability originating from the NBC retroflection propagates with the background ocean flow (Alvera-Azcarate et al., 2009; Molinari et al., 1981) , as shown in Figure 1 , from the retroflection region via the Lesser Antilles into the Caribbean Sea (red outlined region, Figure 7 ). The 40-70 day variability is found in the NBC outflow region but it is possible that the SSH variability is not able to pass the Lesser Antilles. Therefore, we construct Hovm€ oller diagrams of SSH anomalies along the red outlined region in Figure 7 and study lagged correlations. The SSH anomalies are linearly detrended and a Butterworth high-pass filter (90 days) was applied to remove the annual cycle. The choice for the high-pass filter is to capture the propagation of eddies and is set to the approximate propagation time for eddies through the island chain. Besides, NBC rings can be positioned for a longer period near the island chain rather than advected immediately along or through the island chain. The sensitivity for the high-pass filter has been tested while applying a different range (50-180 days), which yields similar results. Figure 9 (top row) shows these Hovm€ oller diagrams in SSH. From the diagrams it becomes clear that there is a westward propagation of SSH anomalies from the Atlantic Ocean into the Caribbean Sea. The anomalies are dampened around the island chain. This weakening of the SSH anomalies might be due to the interaction of the ocean (processes) with the bottom topography. For AVISO, it is also likely that there are large uncertainties in altimetry measurements in the region due to the presence of land. The SSH anomalies amplify after the island chain, due to the characteristic westward background flow. This result is also shown in Alvera-Azcarate et al. (2009, Figure 3 ). Note that their time series are not filtered and therefore show an annual cycle near the eastern entrance of the Caribbean basin. There is a resemblance in sea level anomalies in AVISO and Mercator for the year 2011. 47, 54, 62, 70 39, 50, 57, 67 38, 48, 56, 70 38, 49, 59, 70 75 43, 51, 61 38, 46, 54, 67 40, 45, 69 45, 47, 65 100 42, 51, 59, 66 42, 49, 57 42, 49, 61 40, 47, 57, 64 Note. The total length is N 5 208 weeks.
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In the lower row of Figure 9 , lagged correlation of the SSH anomalies to 588W are shown to demonstrate the propagation of SSH anomalies through the island chain. There are significant (95% confidence level) correlations in the Caribbean Sea, indicating that the variability in SSH has an Atlantic Ocean origin. All data sets show a significant lagged correlation at 668W. AVISO even shows significant lagged correlation up to 708W.
Results: Caribbean Analysis
In this section, the connection between the SSH variability in the Caribbean Sea and the variability in volume transport of the YC is analyzed.
Variability in Sea Surface Height
Complete NBC rings and their filaments may act as a perturbation in the Caribbean basin, which in turn, produces eddies within the Caribbean Sea (Carton & Chao, 1999; Jouanno et al., 2009 ). Therefore, M-SSA is conducted over the red outlined region, indicated in Figure 7 . The time series are prefiltered in a similar way as described in section 2 and in total 36, 34, 35, and 31 PCs are retained during the prefiltering Note. The total length is N 5 208 weeks.
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process for AVISO, Mercator, POP, and CESM, respectively. The results are shown in Table 5 and indicate a significant 40-70 day variability.
To determine the propagation of the 40-70 day SSH variability, we determine RCs along the same region ( Figure 7 ). The RCs associated with a 43 day period for a lag-window of 100 weeks (Table 5) show a westward propagation of SSH anomalies for all four data sets (see Figure 10 ). The Hovm€ oller diagrams indicate that SSH anomalies start in the Atlantic Ocean near the NBC retroflection (548W) and enter the eastern entrance of the Caribbean Sea (638W) and continue to propagate westward to the western exit (858W). The SSH anomalies propagate westward with an average speed of 12. . Near 808W, the anomalies weaken and the westward propagation is distorted, which is likely the effect of the Nicaraguan Rise and is also shown in Alvera- Azcarate et al. (2009) . This effect can also be seen in the SSH variance (see Figure 1a) , where this quantity decreases at 808W along the characteristic background ocean flow. 
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When M-SSA is conducted over the entire Caribbean Sea, while using weekly averaged SSH fields, also a significant 40-70 day variability over the entire Caribbean Sea (not shown here) is found for all four data sets. However, this variability is less robust compared to the variability found in the red outlined region. There is a significant spectral peak associated with the Rossby Whistle (Hughes et al., 2016) , a basin resonant mode with a period of about 120 days, while applying M-SSA to the Caribbean Sea (Table 6 ). The SSH time series were filtered by a 75-175 day band-pass filter (the spectrum is mainly dominated by the 40-70 day variability), similar as in Hughes et al. (2016) .
Variability in the Yucatan Channel
The variability in the YC is analyzed by applying M-SSA to the (normal) velocity fields (blue section in Figure 7 ) along a vertical section in the channel (cf., Figures 11a and 11d) . The results from Mercator and CESM are the only two available data sets which have the daily horizontal velocity fields with depths down to the bottom (2,100 m) of the YC (see Table 1 ). We selected all the time series down to 1,000 m. The time series are prefiltered, but data reduction by PCA is not necessary since the total number of grid cells is relatively small compared to the previous SSH analyses. A 40-70 day variability is found for Mercator and CESM (Table 7) but is not robust to the lagwindow length. Abascal et al. (2003) report from moorings similar variability (50-100 days) in the kinetic energy spectrum in the YC. There is no evidence for the Rossby Whistle, even while implementing a bandpass filter. Hughes et al. (2016) report that the signature of the Rossby Whistle for bottom pressure weakens in the Yucatan Basin and is even weaker in the Gulf of Mexico.
The RCs related to the 48 day period are shown in Figure 11 for Mercator and CESM. In Figure 11b and 11e, the profiles indicate a phase difference between the western and eastern part in the YC over the upper 500 m. This phase difference is also found between 500 and 1,000 m (Figures 11c and 11f) and is due to the fact (Ezer et al., 2003) that in the western (eastern) part of the YC, there is an outgoing (ingoing) volume transport (Figures 11a and 11d) .
We also apply SSA to the net volume transport in the YC (i.e., Figure 2a ). The time series has been filtered in a similar way as in Figure 2 , a linear trend is removed and a Butterworth band-pass filter of 30-120 days is applied. Weekly averages show the same significant 40-70 day variability in YC transport (Table 8) . Applying SSA to daily averages display additional significant periods in YC transport, due to the higher temporal resolution. The spectral peaks in Figure 2b that have a period of 40-70 days (Table 8 ) are significant in SSA. Abascal et al. (2003) report from moorings similar variability (20-40 days) in the volume mass transport in the YC, but part of this variability is filtered out by the band-pass filter. Note, however, that without the band-pass filter, none of the results are significant since the spectrum is dominated by low-frequency variability (>170 days; Ezer et al., 2003) .
Summary, Discussion, and Conclusion
In this paper, we have studied the connection between the SSH variability in the NBC retroflection region and that in the Yucatan Channel volume transport, using four different data sets containing observed (AVISO), assimilated (Mercator), and model output (POP and CESM). We find a consistent 40-70 day SSH variability in the NBC retroflection region, propagating through the Caribbean Sea and connecting to the same frequency variability found in the velocity fields and volume transport in the YC.
The NBC retroflection is present in all data sets and the average position is 50.98 6 1.68W and 7.98 6 1.28N, which agrees well with earlier observed values (Condie, 1991; Csanady, 1985; Fratantoni & Glickson, 2002) . The retroflection position often shows a southeastward retraction related to the shedding of NBC rings. The shedding has an approximate 40-60 day variability in AVISO and Mercator, confirming earlier results of the shedding of rings (Fratantoni et al., 1995; Johns et al., 1990) . The retroflection distance time series is sensitive to the time period which is analyzed (nonstationary effects) which may explain the absence of this variability in POP and CESM. Johns et al. (1990) also find this 40-60 day variability in the meridional velocity which is related to the shedding of NBC rings. A modeling study (Jouanno et al., 2009) shows that the 70 day variability is also related to NBC rings. Variability from the NBC is able to enter the Caribbean Sea, which has been demonstrated by other studies (Carton & Chao, 1999; Johns et al., 2002; Jouanno et al., 2009 ). The same 40-70 day variability in SSH is found in the Caribbean Sea. The reconstructed components associated with this variability show that it originates near the NBC retroflection and enters the eastern entrance of the Caribbean Sea. The average westward speed in the Caribbean Sea is 12 km d 21 , well within reported ranges (Andrade & Barton, 2000; Carton & Chao, 1999; Jouanno et al., 2009; Murphy et al., 1999) . We also find some indications of the Rossby Whistle (Hughes et al., 2016) .
As addressed by Jouanno et al. (2008 Jouanno et al. ( , 2009 , the variability found in the Caribbean Sea could be the effect of Rossby waves. They show that the first baroclinic Rossby wave has a 50-65 day period. The Rossby wave can act as a perturbation (similar to the filaments of the NBC rings) and generate eddies at the eastern entrance of the Caribbean Sea. It is therefore difficult to distinguish the SSH variability due to NBC rings and Rossby waves in the Caribbean Sea. On the other hand, M-SSA also shows a 40-50 day variability and, as demonstrated, this is related to variability found in the NBC. The 50-70 day variability could be a combination of both NBC rings and Rossby waves (Jouanno et al., 2009) . Still, SSH anomalies due to both NBC rings and Rossby waves originate from an upstream region (i.e., the eastern entrance of the Caribbean Sea) and propagate toward the YC. As this variability is found in POP, which has only a seasonal mean atmospheric forcing, it is purely intrinsic (so not caused by variability in the atmospheric forcing).
Although we could not determine the YC volume transport variability for AVISO and POP, both Mercator and CESM output show the same significant 40-70 day variability in the YC volume transport. There is a phase difference between the eastern and western part in the YC, likely a signature of an eddy passing through the YC. Such a phase difference is also found by Ezer et al. (2003) ; the PC of their second EOF displays variability on 2 and 11 months time scales and influences the variability in the Loop Current.
Based on our analyses of the 40-70 day variability in the four data sets, we conclude that the physical mechanism of the short-term variability in the YC is related to the propagation of variability from upstream regions and originates from processes in the NBC retroflection region.
